SUMMARY Doppler-shifted ultrasound with spectral analysis was used to assess the internal carotid arteries of 48 patients who had undergone carotid endarterectomy (58 carotid endarterectomies). Three patients died in the immediate post-operative period, therefore 45 patients, who represented 54 endarterec tomies, were assessed for up to six years following surgery (mean -thirty-four months).
It is only relatively recently that readily repeatable methods for objective follow-up assessment of the patency of carotid arteries have been available which have no significant complications. Ca rotid angiography is the standard method for assessing carotid artery disease but it is not entirely satisfactory since it may miss ulceration or lesions present in a different plane to that of the angiogram. 3, 4 It is also associated with complications 5 ' 6 and therefore is not routinely used to assess the patency of the internal carotid artery in asymptomatic patients following ca rotid endarterectomy. 7 Angiography performed soon after carotid surgery can provide unreliable information, which may be due to tissue fragmentation and oedema of the vessel wall. 8 Postoperative angiograms were performed by Schultz and his colleagues 9 who reported that of eleven internal carotid arteries shown to have irregular walls at this time, four were found to be smooth on angiograms performed after a further six months. Lougheed et al 10 also reported a patient in whom a carotid angiogram, which was not performed until six months after carotid endarterectomy, showed the arterial wall to be irregu lar, whilst an angiogram performed more than two years later demonstrated a smooth wall.
Non-invasive tests have been developed in recent years to avoid the risks of angiography and to provide complementary information to the radiological inves-tigation. These tests have included oculopneumo plethysmography, 11 oculoplethysmography with phonoangiography 12 and the use of Doppler-shifted ultrasound. 13, 14 The method used in this paper for assessing the carotid arteries, using spectral analysis of Dopplershifted ultrasound, has been reported previously. 15, 16 The method is based on two parameters, that is, the temporal artery occlusion test (TAOT) 17 and the ratio of the two peaks (A and B) that occur during cardiac systole in sonagrams from the supraorbital and com mon carotid arteries ( fig. I ). 15 The TAOT ( fig. 2 ) detects carotid artery disease sufficiently severe to cause a reduction in distal mean pressure in the internal carotid artery. The A/B ratio of sonagrams is used to detect less severe carotid lesions in addition to those that cause a pressure drop, al though it can not be used to indicate the degree of stenosis. 16 ' 18 In a retrospective comparison between angiography and ultrasound in 201 carotid bifurcations it was shown that a combination of the TAOT and A/B ratio detected lesions in the internal carotid artery, of 25% and over reduction in lumen diameter, with a sensitivity of 92% and a specificity of 82%. 16 The purpose of this paper is to report our experience using this method to assess the patency of the internal carotid artery in patients following carotid endarterectomy.
Patients
A total of 48 patients (37 male: 11 female) were investigated, which represented 58 carotid endarterec tomies; the mean age was 55 years, with a range of 37 to 76 years. A carotid endarterectomy was performed in all patients and in ten the operation was performed on both sides of the neck. The clinical features, with regard to cerebrovascular disease, at the time of carotid endarterectomy are shown in Method Doppler ultrasound examinations were performed with patients lying supine on a couch. An 8MHz Sonicaid BV380 directional blood-velocimeter was used to obtain backscattered Doppler signals from the carotid and supraorbital arteries. These signals were recorded onto a stereo cassette tape recorder and processed by a spectral analyser. 19 The signals were displayed in sonagram form ( fig. 1 ) almost instantaneously, that is with in five milliseconds. A hard copy print-out was made on ultra-violet sensitive paper (Kodak, linagraph 1801). This enabled precise measurement of the A/B ratios ( fig. 1 ) using a programmed dedicated computer (Pet 3032K, Commodore) interfaced to a 'Bit-Pad one' digitiser.
The screening procedure was performed on both internal carotid pathways. The supraorbital artery was insonated and the TAOT performed, as illustrated in fig. 2 . The common carotid artery was then insonated at the base of the neck, following which the internal and external carotid arteries were insonated.
The presence of severe disease was indicated by a positive response to the TAOT, which was due to either total occlusion or severe stenosis of the internal carotid artery. These two conditions were then distin guished by examination of sonagrams from the carotid arteries in the neck. Severe stenosis was indicated by turbulent, high blood-velocities in the internal carotid artery. Total occlusion was indicated when sonagrams attributable to the internal carotid artery could not be detected. Further evidence confirming either total oc clusion or severe stenosis was then obtained by imag ing the carotid bifurcation. 20 The remaining patients had no evidence of severe disease and were categorised as normal or abnormal according to the value of the A/B ratio of supraorbital and/or common carotid sonagrams. An abnormal test was indicated when A/B ratios of resting supraorbital and/or common carotid pulses were less than 1.05. 15 All patients were assessed with ultrasound in the im mediate post-operative period and further assessments were made as near as possible at yearly intervals, for up to six years with the mean follow-up period being thirty-four months.
Results

Mortality Following Carotid Endarterectomy
Three patients died soon after the carotid endarterec tomy (6.3%). Post-mortem studies revealed the cause of death to be cerebral haemorrhage in one patient and cerebral infarction in the other two. Follow-up ultra sound assessments were therefore performed on 45 patients, which represented 54 carotid endarterectomies. During the follow-up period a further two pa tients died from myocardial infarction, the first at one year and the second at two years.
Forty-three patients (52 carotid endarterectomies) were alive at the end of the follow-up period.
Development of a Severe Lesion in the Internal Carotid Artery Following Endarterectomy (fig. 3)
In the immediate post-operative period the ultra sound investigation detected a severe lesion in the in- ternal carotid artery in seven of the 54 carotid endarterectomies. All seven were associated with a stroke, which occurred within hours of the operation. Two patients immediately returned to the operating theatre following the ultrasound investigation. A thrombec tomy was performed in both patients and subsequent ultrasound examinations revealed patent internal carot id arteries. Surgery was not considered appropriate in the other 5 patients.
During the six year follow-up period the ultrasound examination showed that in addition to the 7 cases above, 7 of the remaining 45 endarterectomies (36 patients) had developed a severe lesion in the internal carotid artery. In 5 endarterectomies (5 patients) this lesion developed between one to two years after endar terectomy ( fig. 3 ). Two of these 5 patients had devel oped an associated stroke and carotid bruit, two had TIA's, one of whom had a bruit. The fifth patient was asymptomatic. The remaining two patients developed a severe lesion in the fourth and fifth years following carotid surgery; in the former this was associated with TIA's.
The ultrasound examination showed that 2 of these 7 patients had complete occlusion of the internal carotid artery, which was confirmed by angiography in both cases. One of these patients had an extra-intracranial bypass operation. Another patient underwent angiog raphy which confirmed severe stenosis of the internal carotid artery but a second endarterectomy was not considered appropriate.
Presence of Severe Disease at the Contralateral Carotid Bifurcation to the Side of the Endarterectomy (fig. 4)
Thirty-eight patients had a carotid endarterectomy on one side of the neck only, 8 of whom had severe contralateral internal carotid artery disease at the time of carotid surgery. This was demonstrated by ultra sound and confirmed by angiography, both performed before surgery. The internal carotid artery was com pletely occluded in five of the eight patients.
Ultrasound examinations performed after endarter ectomy on these 38 patients showed that a further 4 had developed severe disease in the contralateral internal carotid artery within the six year follow-up period. One of these patients had TIA's, whilst the remaining three were asymptomatic. A localised carotid bruit developed in one asymptomatic patient. The ultra sound investigation demonstrated complete occlusion of the internal carotid artery in the patient with symp toms. Angiography was not performed for any of these 4 patients.
A/B Ratios Following Carotid Endarterectomy (fig. 5)
Abnormal A/B ratios associated with a normal re sponse to the TAOT were measured in sonagrams from twenty-four of the ultrasound assessments performed immediately post-operatively. Four patients (4 endar terectomies) developed carotid bruits. Three of these had associated TIA's post-operatively, which persisted in two. A further 4 patients had post-operative TIA's. Subsequent ultrasound examinations revealed the de velopment of severe internal carotid artery disease in seven of these twenty-four patients, that is seven en darterectomies. These included the two cases above with persistent TIA's, one of which subsequently de veloped a carotid bruit. These seven cases have been referred to in the section on the development of severe disease in the internal carotid artery following endar terectomy ( fig. 3) .
Normal A/B ratios were obtained from 23 cases at the first post-operative assessment and of these, 19 remained normal at follow-up visits. None of these nineteen became symptomatic or developed severe disease during the follow-up period. Four cases devel oped abnormal A/B ratios and two were associated with TIA's ( fig. 5 ). 
NUMBER OF
Arterial Disease in Other Regions of the Body
Nineteen of the forty-eight patients had symptomat ic arterial disease in regions other than the carotid territory before carotid surgery. Two patients had isch aemic heart disease, 10 lower limb arterial disease and 7 were symptomatic in both these regions. Symptom atic arterial disease of the heart and/or lower limbs developed in five of the 43 patients who remained alive during the follow-up period.
Discussion
Reported figures for operative complications and long-term follow-up of carotid endarterectomies have varied.
2 - 2U 22 This may be due in part to differences in selection of patients, surgical procedure and the meth od of follow-up assessment. The study presented here shows that 7 of the 54 endarterectomies (13%) in the surviving 45 patients resulted in strokes within the first week of carotid surgery, and these were all associated with total occlusion of the interna] carotid artery on the side of the operation. This figure for operative morbid ity is relatively high when compared with some pre vious reports. However, comparison of surgical results can be misleading since in a number of studies differ ent patient groups have been considered. It has been noted for example that patients who have had symp toms of cerebral ischaemia have a greater operative morbidity and mortality than those who have surgery for asymptomatic disease. 21 Surgical exploration of the carotid arteries for pa tients in whom strokes develop soon after endarterec tomy has been frequently discussed. Treiman et al 23 reported thrombosis at the site of carotid endarterec tomy as the predominant cause of such strokes and advised surgical exploration as soon as the stroke had been diagnosed. In our series a successful thrombec tomy was performed in two of the patients who devel oped a stroke soon after endarterectomy and had been shown by ultrasound to have a severe lesion in the internal carotid pathway. However, in both patients the neurological deficit was permanent.
Ortega et al 22 found that the incidence of immediate post-operative occlusion of the internal carotid artery was three times greater when there was no severe dis ease present at the contralateral carotid bifurcation. They concluded that severe contralateral disease could result in a greater blood flow through the repaired artery, since this may then supply both the ipsilateral and contralateral hemispheres; the greater rates of blood flow which would then occur in the ipsilateral internal carotid artery may be responsible for the re duced incidence of post-operative thrombosis. Howev er in our series 3 of the 7 patients who developed a post-operative stroke were shown by ultrasound to have severe disease at the contralateral carotid bifurca tion.
The long-term results of this study show that during the six year follow-up period the ultrasound demon strated severe restenosis or total occlusion of a further 7 of the 45 internal carotid arteries assessed.
The interval between an endarterectomy and the de velopment of occlusive lesions in the internal carotid artery has been related to differences in etiology. Stoney et al 24 reported the results of histological stud ies performed on 29 specimens obtained during oper ations in which recurrent carotid lesions were excised. In 9 patients recurrent stenoses developed in the first post-operative year and were shown to be due to intimal fibrosis, whilst restenosis occurring more than two years after operation was shown to be due to atheroma. In our study 3 patients developed severe lesions within one year of endarterectomy and in a further four pa tients such lesions developed between two to five years.
The development of minor occlusive disease in the internal carotid artery after endarterectomy has not been reported in angiographic studies. Abnormal A/B ratios measured with ultrasound soon after endarterec tomy cannot be interpreted as indicating minor disease since they could be due to distortion of the carotid bifurcation as a result of the surgical procedure. In our study abnormal A/B ratios were obtained in sonagrams from 24 cases after carotid endarterectomy, and these A/B values remained abnormal at subsequent visits. Seven of these cases developed severe disease as indi cated by a positive response to the TAOT, 5 being associated with symptoms. In 4 instances normal sonagram A/B ratios were obtained post-operatively, but became abnormal at later assessments; two of these were associated with TIA's. In all 4 the response to the TAOT was normal, so the abnormal A/B ratios may have been due to the development of non-severe carot id artery disease.
Atherosclerosis is often considered to affect the whole vascular system, although in varying degrees. Our results show that of the forty-eight patients who had carotid artery disease twenty-three (48%) either had symptoms of occlusive arterial disease in other regions of the body at the time of carotid endarterec tomy or developed them within the follow-up period. This indicates that non-invasive assessment of asymp tomatic regions in patients who present with symptoms in one region only may provide valuable clinical infor mation.
The role of monitoring carotid endarterectomy with non-invasive tests requires further evaluation. In this study ultrasound has been used in the immediate post operative period to provide information about the de velopment of an occlusive lesion in the internal carotid artery. It has also been used for serial monitoring of patients who have undergone carotid endarterectomy, in order to provide information about the development of restenosis of the internal carotid artery and to assess the patency of the contralateral carotid bifurcation.
We suggest that the non-invasive screening method described is a useful adjunct to clinical assessment for the follow-up of patients who have undergone carotid endarterectomy. It provides objective information about the haemodynamic state of the repaired artery which complements clinical assessment.
